Experiment
We used undoped SrTiO 3 single crystals and electron-doped SrTiO 3 single crystals (SrNb x Ti 1-x O 3 , Sr 1-x La x TiO 3 , and Ar + -irradiated SrTiO 3 ). All samples were 0.5 mm thick. The undoped samples were annealed under oxygen flow for 24 h at 700 K to reduce oxygen vacancies. For undoped samples, time-resolved PL measurements were performed with a monochromator and a streak camera. The light source for photoexcitation was an optical parametric amplifier system based on a regenerative amplified mode-locked Ti:sapphire laser with a pulse duration of 150 fs and a repetition rate of 1 kHz. The photon energy was 3.54 eV. The laser-spot size on the sample surface was measured using the knife-edge method. For electron-doped samples, we performed time-integrated PL measurement using a He-Cd laser (continuous-wave, 3.8 eV) as a light source and a monochromator with a charge coupled device. on the photon energy evidences that the SrTiO 3 is an indirect-gap semiconductor and no excitonic effect appears due to the large dielectric constant. According to the theory of optical transition in indirect-gap semiconductors [9] , the energy onsets of  1/2 at high and low temperatures correspond to the optical absorption involving the phonon-absorption and emission processes. The involving phonon energy is 25 meV, which is similar to the TO 2 phonon energy at the zone boundary [10] . Two PL peaks coincide with the high-and low-temperature onsets of optical absorption. Thus, we conclude that two band-edge PL peaks correspond to indirect band-to-band PL involving phonon-emission and phonon-absorption processes. The band-gap energy locates at the middle of the two PL peaks (indicated by the arrow).
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Similar band-edge PL peaks are observed in electron-doped SrTiO 3 samples under weak continuous-wave (cw) excitation. This can be explained by the band-gap renormalization effect due to the large doped-carrier density. We also measured the temperature-dependence of the PL spectra. With an increase of temperature, PL peak energy blue-shifts and the spectrum width becomes broader. We have revealed that the temperature-dependent PL spectrum shape can be well explained by the theoretical one for band-to-band PL of indirect-gap semiconductors.
These findings clearly show that the band-edge PL peaks correspond to the radiative band-to-band recombination of free electrons in the conduction band and free holes in the valence band. This is the direct evidence that free carriers exist in SrTiO 3 crystals. These band-to-band PL cannot be observed in other perovskite oxides, LiTaO 3 , LiNbO 3 , KTaO 3 and BaTiO 3 . At room temperature, all samples including SrTiO 3 show a broad PL band and their PL spectra are similar to each other. At low temperatures, PL properties of SrTiO 3 are completely different from those of other perovskite oxide. At present stage, we consider that high-mobility free carriers contribute to efficient PL in electron-doped SrTiO 3 crystals at low temperatures.
Conclusions
We report the band-edge PL of strongly photoexcited or electron-doped SrTiO 3 single crystals. Two band-edge PL peaks correspond to the band-to-band optical transition involving the phonon-absorption and emission processes. Our observations show that free carriers exist in SrTiO 3 crystals and PL properties of SrTiO 3 are different from those of other perovskite oxides. These conclusions are quite important because SrTiO 3 is the heart material for oxide electronics. Our findings promote deep understanding of optoelectronic properties in SrTiO 3 bulk crystals and the heterostructures. 
